Cardiac injury in neonatal 1-day-old mice stimulates a regenerative response characterized by reactive cardiomyocyte proliferation, which is distinguished from the fibrotic repair process in adults. Acute inflammation occurs immediately after heart injury and has generally been believed to exert a negative effect on heart regeneration by promoting scar formation in adults; however, little is known about the role of acute inflammation in the cardiac regenerative response in neonatal mice. Here, we show that acute inflammation induced cardiomyocyte proliferation after apical intramyocardial microinjection of immunogenic zymosan A particles into the neonatal mouse heart. We also found that cardiac injury-induced regenerative response was suspended after immunosuppression in neonatal mice, and that cardiomyocytes could not be reactivated to proliferate after neonatal heart injury in the absence of interleukin-6 (IL-6). Furthermore, cardiomyocyte-specific deletion of signal transducer and activator of transcription 3 (STAT3), the major downstream effector of IL-6 signaling, decreased reactive cardiomyocyte proliferation after apical resection. Our results indicate that acute inflammation stimulates the regenerative response in neonatal mouse heart, and suggest that modulation of inflammatory signals might have important implications in cardiac regenerative medicine.
Introduction
Cardiomyocyte loss underlies the fundamental cause of heart failure in ischemic heart disease [1, 2] . Although evidence in support of cardiomyocyte self-renewal in adult hearts exists [3] [4] [5] , the rate of self-renewal is extremely low, and adult cardiomyocytes cannot mount a profound proliferation response to sufficiently regenerate the lost myocardium after cardiac injury [6, 7] . Cardiac damage in adult mammals typically leads to fibrotic scar formation and contractile dysfunction, with minimal regeneration of the heart muscle [6, 8] . In contrast, neonatal hearts can regenerate completely within 21 days after the tip of the heart of 1-day-old mice has been resected. This cardiac regenerative response in 1-day-old mice is characterized by reactive cardiomyocyte proliferation [8] . Due to their remarkable capacity for heart regeneration, neonatal mice are an ideal tool for studying mammalian cardiac regeneration.
Previous studies have reported that manipulation of cell-cycle regulators such as cyclin A2, cyclin D1 and cyclin D2 can increase cardiomyocyte number and lead to fibrotic scar reduction and cardiac function improvement in the damaged myocardium of adult mice [9] [10] [11] [12] . Several signaling pathways, including the NRG1/ErbB4 [13] and Hippo-Yap pathways [14] [15] [16] , have been shown to impact cardiomyocyte proliferation and cardiac repair in adult mammals. In addition, microRNA (miRNA)-199a and miRNA-590 were shown to significantly promote cardiomyocyte proliferation in neonates and adults and improve cardiac function in adult mice after myocardial infarction (MI) [17] . Recently, miRNA-195 and Meis1 were identified as inhibitors of neonatal heart regeneration after MI [18] [19] [20] . There is also evidence that the direct or indirect stimulation of neoangiogenesis by macrophages is required for neonatal heart regeneration after MI [21] ; however, the molecular mechanisms by which cardiac injury stimulates the regenerative response in neonatal mice are largely unknown.
Acute inflammation occurs immediately after myocardial injury in neonates and adults [8, [22] [23] [24] . Neutrophils and monocytes from the bloodstream are recruited to and infiltrate the injured myocardium to remove cellular debris. A number of cytokines are released to modulate the microenvironment of the injured tissue, and acute cardiac inflammation in adult mice is generally believed to exert a negative effect on heart regeneration by promoting fibrotic scar formation [23] [24] [25] [26] [27] . However, several recent studies have suggested positive roles for inflammation in tissue repair [28] [29] [30] [31] [32] . These investigations revealed that activated innate immune signals including interleukin-4 and -13 (IL-4/IL-13), and monocytes/macrophages facilitate skeletal muscle regeneration [31, 32] . After MI, the injured myocardium sequentially recruits Ly-6C high and -6C low monocytes, which is a prerequisite for myocardial infarct healing [28] [29] [30] . In neonatal mice, a robust acute inflammatory response accompanies the early stages of cardiac regeneration, although the inflammatory response at the injured apical myocardium in neonatal mice does not hamper heart regeneration, as shown previously [8] . However, little is known about the role of acute inflammation in the neonatal cardiac regenerative process.
In the current study, we found that acute cardiac inflammation could induce cardiomyocyte proliferation after apical intramyocardial microinjection of zymosan A (ZA) into neonatal mouse hearts. Moreover, injury-induced cardiomyocyte proliferation was inhibited by immunosuppression. These results indicate that acute cardiac inflammation is required for the cardiac regenerative response after cardiac injury in neonatal mice. Our studies further showed that IL-6 was essential for heart regeneration in neonatal mice. STAT3 is the major downstream effector of IL-6 signaling, and consistently, cell-specific ablation of STAT3 in cardiomyocytes impaired their proliferative response after apical resection (AR) in neonatal mice. Thus, our study reveals an important role of acute inflammation in neonatal cardiac regeneration, and suggests that inflammatory signals might be targeted to promote cardiac regeneration, minimize fibrotic scar formation and ameliorate cardiac function.
Results

An acute inflammatory response occurs immediately after AR and ZA microinjection of neonatal mouse hearts
To investigate acute inflammation in the injured heart of neonatal mice, we resected the apex of neonatal 1-dayold mouse heart [8] and then performed a cytokine panel array analysis, which showed that several inflammatory cytokines were significantly upregulated in the resected hearts (Supplementary information, Figure S1 and Video S1). Additionally, Ly-6G (1A8) + inflammatory leukocytes [33] were rapidly recruited to the injured myocardium ( Figure 1A ). The inflammatory markers il6, il1b and chemokine (C-C motif) ligand 3 (ccl3) were highly expressed, and this elevation continued for 7 days after injury ( Figure 1B ; P < 0.05).
We also induced a sterile inflammatory response through apical intramyocardial microinjection of ZA in neonatal 1-day-old mice ( Figure 1C and 1D). We found that inflammation was significantly induced ( Figure 1E and 1F), without influencing cardiac cell viability and size (Supplementary information, Figure S2 and S3) or cardiac tissue integrity disruption (Supplementary information, Figure S4 ). Similar to AR, ZA microinjection led to the recruitment of Ly-6G (1A8) + inflammatory leukocytes ( Figure 1E ) and significantly elevated the expression of il6, il1b and ccl3 ( Figure 1F ; P < 0.05). This inflammatory response persisted for 7 days ( Figure 1F ). Thus, ZA microinjection-induced inflammation could recapitulate aspects of acute inflammation in the resected hearts of neonatal 1-day-old mice.
Injured hearts cannot regenerate after immunosuppression in neonatal mice
To test whether acute cardiac inflammation was required for heart regeneration in neonatal mice, we administered dexamethasone (Dex, 0.05 mg/kg) via intraperitoneal injection (i.p.) from 0 to 7 days post-resection (dpr) to inhibit the acute inflammatory response in neonatal mice (Figure 2A ). The immunosuppressive effects in the resected hearts were confirmed by decreased Ly-6G (1A8) + leukocyte infiltration and down-regulation of il6, il1b and ccl3 expression in mice treated with AR and Dex ( Figure 2B and 2C). Dex treatment alone in uninjured mice did not significantly alter the expression of il6, il1b and ccl3 in the heart (Supplementary information, Figure S5 ), indicating that Dex treatment impeded only the injury-activated inflammatory response, without any significant effects on constitutive cytokine expression. There were also no significant effects on cardiac cell viability (Supplementary information, Figure S6 Figure S8 ). Thus, Dex treatment partially blocked the acute inflammatory response after AR in neonatal mouse hearts. To explore whether acute cardiac inflammation was necessary for heart regeneration, we resected the cardiac apex in immunosuppressed mice. Histological analysis revealed that, compared to heart regeneration in the phosphate-buffered saline (PBS)-treated mice, the immunosuppressed hearts failed to regenerate the lost myocardium at 21 dpr. Instead, a fibrotic scar was formed at the cardiac apex ( Figure 2D and 2E). The contractile function of the heart was also significantly impaired after immunosuppression at 21 dpr by echocardiographic analysis ( Figure 2F ). Thus, we conclude that acute inflammation is required for cardiac regeneration in neonatal mice.
Acute inflammatory response is necessary and sufficient for reactive cardiomyocyte proliferation in the neonatal mouse heart
Cardiac injury induced an acute inflammatory response yet promoted cardiomyocyte proliferation in neonatal mice [8] . To investigate whether acute inflammation could independently trigger cardiomyocyte proliferation without apparent cardiac lesions, we performed phospho-histone H3 (pH3) and Ki67 immunostaining together with α-actinin co-localization analysis to detect cardiomyocyte proliferation in PBS and ZA micro-injected hearts. We observed that the ZA-induced inflammation increased the number of pH3 + cardiomyocytes compared with the PBS micro-injected hearts (PBS: 12.41 ± 1.6 versus ZA: 25.32 ± 1.77 cardiomyocytes/mm 2 at 4 days post-microinjection (dpm); P < 0.05 and PBS: 12.27 ± 0.84 versus ZA: 27.45 ± 2.52 cardiomyocytes/mm 2 at 7 dpm; P < 0.05). The inflammation also enhanced the number of Ki67 + cardiomyocytes in the ZA micro-injected hearts (PBS: 45.54 ± 2.15 versus ZA: 63.23 ± 2.3 cardiomyocytes/mm 2 at 4 dpm; P < 0.05 and PBS: 40.36 ± 2.38 versus ZA: 70.07±3.35 cardiomyocytes/mm 2 at 7 dpm; P < 0.05; Figure 3A and Supplementary information, Figure S9 ). We also performed an apical intramyocardial microinjection of ZA into 7-day-old mouse hearts and then conducted pH3 and Ki67 staining with α-actinin co-immunostaining at 1 and 7 dpm. We found that acute inflammation did not induce cardiomyocyte proliferation in 7-day-old mouse hearts (Supplementary information, Figure S10 ). To determine whether the induced inflammation increased the number of newly formed cardiomyocytes in the neonatal mouse heart, we performed pulsechase labeling of 5-bromo-2-deoxyuridine (Brdu) over a 21-day period after ZA microinjection of neonatal 1-dayold mice. The number of Brdu + cardiomyocytes in the ZA micro-injected hearts was significantly increased compared with the PBS micro-injected hearts (PBS: 63.86 ± 2.96 versus ZA: 138.36 ± 8.3 cardiomyocytes/mm 2 ; P < 0.05) at 21 dpm ( Figure 3B ). These findings indicate that acute inflammation could induce cardiomyocyte proliferation in neonatal mouse hearts.
To evaluate the effects of immunosuppression on reactive cardiomyocyte proliferation in neonatal mice, we conducted pH3 and cardiac troponin T (cTnT) double immunofluorescence staining in Dex-treated hearts after AR. Immunosuppression led to a significant decrease in pH3 + cardiomyocytes compared with PBS-treated control hearts at 4 dpr (AR + PBS: 28.57 ± 2.14 versus AR + Dex: 10.84 ± 1.47 cardiomyocytes/mm 2 ; P < 0.05) and at 7 dpr (AR + PBS: 25.76 ± 1.25 versus AR + Dex: 12.52 ± 1.08 cardiomyocytes/mm 2 ; P < 0.05). Moreover, the immunosuppressed hearts contained far fewer Ki67 + cardiomyocytes at 4 dpr (AR + PBS: 72.41 ± 7.44 versus AR + Dex: 22.98 ± 1.6 cardiomyocytes/mm 2 ; P < 0.05) and at 7 dpr (AR + PBS: 81.49 ± 7.6 versus AR + Dex: 28.21 ± 1.68 cardiomyocytes/mm 2 ; P < 0.05; Figure 3C and Supplementary information, Figure S11 ). Additionally, we conducted Brdu pulse-chase labeling of cardiomyocytes in newborn mice and identified a significantly decreased number of Brdu + cardiomyocytes in the immunosuppressed hearts (AR + PBS: 204.44 ± 8.51 versus AR + Dex: 86.15 ± 7.65 cardiomyocytes/mm 2 ; P < 0.05) at 21 dpr ( Figure 3D ). However, Dex treatment did not influence constitutive cardiomyocyte proliferation, suggesting that it inhibited only the injury-induced regenerative response, without any significant effects on normal cardiomyocyte homeostasis (Supplementary information, Figure S12 ). To further confirm the essential effects of the acute inflammatory response in reactive cardiomyocyte proliferation after AR in neonatal mice, the anti-Gr-1 (RB6-8C5) monoclonal antibody was used to deplete inflammatory leukocytes (neutrophils and some subsets of monocytes/macrophages [34, 35] ), which were the main cellular constituents involved in cardiac acute inflammation. We found that cardiomyocyte proliferation was significantly decreased in the anti-Gr-1 (RB6-8C5) monoclonal antibody-treated group, which indicated that acute inflammation was indispensable for the injury-induced neonatal cardiomyocyte proliferation (Supplementary information, Figure S13 ). These results demonstrate that acute inflammatory response was necessary and sufficient for reactive cardiomyocyte proliferation in neonatal mouse hearts.
IL-6 signaling is required for reactive cardiomyocyte proliferation in neonatal mice
Our cytokine panel assays showed that IL-6 was the most upregulated cytokine after AR (Supplementary information, Figure S1 ). Previous studies have suggested that IL-6 signaling might play an essential role in tissue and organ regeneration [36, 37] . To investigate whether IL-6 was necessary for the early cardiac regenerative response, we assessed reactive cardiomyocyte proliferation in IL-6 knockout (IL-6 −/− ) neonatal mouse hearts after AR. As shown in Supplementary information Figure S14 , IL-6 expression was completely absent in IL-6 −/− neonatal mice, and cardiac injury failed to upregulate the expression of IL-6 at 1 dpr in the IL-6 −/− hearts. IL-6 deficiency also resulted in a significant decrease in pH3 + cardiomyocytes compared to wild-type (WT) hearts at 4 dpr (WT: 30.5 ± 1.83 versus IL-6 −/− : 17.56 ± 1.87 cardiomyocytes/ mm 2 ; P < 0.05) and at 7 dpr (WT: 33.06 ± 1.03 versus IL-6 −/− : 15.83 ± 1.48 cardiomyocytes/mm 2 ; P < 0.05). Furthermore, a significant decrease in Ki67 + cardiomyocytes was observed in the IL-6 −/− hearts at 4 dpr (WT: 67.37 ± 2.85 versus IL-6 −/− : 44.5 ± 3.12 cardiomyocytes/mm 2 ; P < 0.05) and at 7 dpr (WT: 68.83 ± 2.64 versus IL-6 −/− : 36.06 ± 2.01 cardiomyocytes/mm 2 ; P < 0.05; Figure 4A ). The Brdu pulse-chase assay showed that deletion of IL-6 led to a significant decrease in Brdu + cardiomyocytes at 21 dpr (WT: 213.4 ± 14.05 versus IL-6 −/− : 109.14 ± 7.94 cardiomyocytes/mm 2 ; P < 0.05; Figure 4B ). In addition, neonatal IL-6 −/− mice failed to regenerate the injured myocardium or restore normal systolic function at 21 dpr compared with WT mice (Figure 4C and 4D) .
Using apical intramyocardial microinjection of recombinant IL-6 protein in neonatal 1-day-old mice, we further explored whether IL-6 could induce cardiomyocyte proliferation without apparent cardiac lesions. The number of pH3 + cardiomyocytes in the IL-6 micro-injected hearts substantially increased relative to the PBS micro-injected hearts at 4 dpm (PBS: 13.85 ± 0.73 versus IL-6: 27.16 ± 2.4 cardiomyocytes/mm 2 ; P < 0.05) and at 7 dpm (PBS: 15.78 ± 1.45 versus IL-6: 28.78 ± 1.8 cardiomyocytes/mm 2 ; P < 0.05). Additionally, we observed a significant increase in Ki67 + cardiomyocytes in the IL-6 micro-injected hearts at 4 dpm (PBS: 42.27 ± 1.41 versus IL-6: 58.08 ± 1.93 cardiomyocytes/mm 2 ; P < 0.05) and at 7 dpm (PBS: 37.6 ± 2.85 versus IL-6: 60.45 ± 2.61 cardiomyocytes/mm 2 ; P < 0.05; Figure 4E ). We also found an increase in Brdu + cardiomyocytes in the IL-6 micro-injected hearts (PBS: 63.53 ± 6.68 versus IL-6: 142.71 ± 7.67 cardiomyocytes/mm 2 ; P < 0.05) at 21 dpm ( Figure 4F) . These results indicate that IL-6 signaling is required for reactive cardiomyocyte proliferation and the cardiac regenerative process in neonatal mouse hearts.
STAT3 plays a key role in reactive cardiomyocyte proliferation in the neonatal mouse heart
To further examine how IL-6 mediates reactive cardiomyocyte proliferation, we assessed three major downstream intracellular signaling pathways, MEK/ERK, JAK/STAT3 and PI3K/AKT, by western blotting. After AR, only JAK/STAT3 signaling was substantially activated, as shown by a clear increase in phospho-STAT3 (p-STAT3) (Tyr705), which was confirmed in resected hearts, ZA micro-injected hearts and IL-6 micro-injected hearts via p-STAT3 (Tyr705) immunostaining ( Figure 5A and 5B). To investigate whether STAT3 signaling was required for reactive cardiomyocyte proliferation, we performed AR in cardiomyocyte-specific STAT3 conditional knockout neonatal 1-day-old mice and then evaluated cardiomyocyte proliferation. To test the efficiency of gene deletion, we examined the expression of STAT3 in the hearts of αMHC-MerCreMer; STAT3 fl/fl mice after tamoxifen treatment. As expected, STAT3 expression was efficiently ablated in the hearts of αMHC-MerCreMer; STAT3 fl/fl mice after tamoxifen induction (Supplementary information, Figure S15 ). STAT3 deficiency (STAT3 −/− ) led to a significant decrease in pH3 + cardiomyocytes at 4 dpr (STAT3 +/+ : 30.27 ± 1.92 versus STAT3 −/− : 18.32 ± 1.91 cardiomyocytes/mm 2 ; P < 0.05) and at 7 dpr (STAT3 +/+ : 31.76 ± 3.01 versus STAT3 −/− : 19.14 ± 1.87 cardiomyocytes/mm 2 ; P < 0.05). In the STAT3 −/− hearts, there was also a decreased number of Ki67 + cardiomyocytes relative to the STAT3 +/+ hearts at 4 dpr (STAT3 +/+ : 61.04 ± 2.78 versus STAT3 −/− : 38.07 ± 2.71 cardiomyocytes/ mm 2 ; P < 0.05) and 7 dpr (STAT3 +/+ : 63.24 ± 2.52 versus STAT3 −/− : 33.56 ± 1.52 cardiomyocytes/mm 2 ; P < 0.05) ( Figure 5C ). The number of Brdu + cardiomyocytes in the STAT3 −/− hearts was significantly reduced relative to the STAT3 +/+ hearts (STAT3 +/+ : 207.19 ± 11.15 versus STAT3 −/− : 104.39 ± 6.17 cardiomyocytes/mm 2 ; P < 0.05) at 21 dpr ( Figure 5D ). Additionally, IL-6 was found to be sufficient to induce neonatal cardiomyocyte proliferation in vitro, which could be blocked by the STAT3 inhibitor, S3I-201 ( Figure 6 ). These data indicate that activation of STAT3 downstream of IL-6 is required for reactive cardiomyocyte proliferation after cardiac AR in neonatal mice.
Discussion
After heart damage, acute inflammation is one of the first responses detected in the injured myocardium in both neonates and adults. Myeloid cells, including neutrophils and monocytes/macrophages, are rapidly recruited to the injured tissue, and various cytokines are released to regulate the microenvironment of the injured myocardium [38] . Cardiac inflammation is not capable of stimulating a significant regenerative response in adult mouse hearts, but instead triggers a robust fibrotic repair response [8, [23] [24] [25] ; however, in the context of cardiac AR in neonatal 1-day-old mice, the robust inflammatory response did not block heart regeneration [8] . Further-npg www.cell-research.com | Cell Research more, neonatal mouse heart regeneration appeared to require an initial inflammatory response after myocardial injury. This inflammatory response after myocardial damage differs qualitatively and quantitatively between the 1-day-old (regenerative) and 14-day-old (non-regenerative) mice. Neonatal cardiac macrophages are required for replacing the injured myocardium following MI [7, 21] . Here, we found that an apical intramyocardial microinjection of ZA could induce an acute inflammatory response without any apparent cardiac lesions in neonatal mice. Moreover, the triggered inflammation increased cardiomyocyte proliferation, which is considered to be an efficient regenerative response once neonatal mouse hearts are injured. In contrast, cardiomyocyte proliferation after AR was inhibited in immunosuppressed neonatal mice. Our results showed that acute inflammation was necessary and sufficient for stimulating the cardiac regenerative response in neonatal 1-day-old mice.
Furthermore, we found that IL-6 signaling, as a major component of inflammation, was able to induce cardiomyocyte proliferation in neonatal mice. This result is in agreement with the results of a previous report, which indicated that recombinant IL-6 treatment stimulated neonatal cardiomyocyte proliferation in vitro [39] . As a pro-inflammatory cytokine, IL-6 binds to the IL-6 receptor and the glycoprotein 130 complex receptor and then activates STAT3 through tyrosine phosphorylation [40] . Our findings revealed that STAT3, as the downstream mediator of IL-6 signaling, was required for reactive cardiomyocyte proliferation induced by myocardial injury in neonatal mice. A previous profiling study also identified that cardiomyocyte STAT3 activation was required for injury-induced cardiomyocyte proliferation and heart regeneration in adult zebrafish [41] . Additionally, IL-6-STAT3 signaling is required for muscle regeneration [36, 42] . IL-6, which is derived from infiltrating macrophages [42] , fibro/adipogenic progenitors [43] and satellite cells [44, 45] , can facilitate muscle regeneration by promoting satellite cell proliferation and myogenic differentiation. IL-6-STAT3 signaling also plays an essential role in normal liver regeneration after hepatic injury [37, [46] [47] [48] . In particular, IL-6 produced by hepatic Kupffer cells (liver macrophages) contributes to hepatocyte proliferation during the process of liver regeneration. Furthermore, STAT3 fosters hepatocyte proliferation and the IL-6-mediated hepatic growth response during liver regeneration.
According to recent reports, the regenerative and repair capacity of neonatal hearts varies with different types of injury [8, 18, [49] [50] [51] [52] [53] [54] . Porrello et al. [8] found that the hearts of 1-day-old neonatal mice could regenerate completely after AR (approximately 15% of the ventricular myocardium) over a 21-day period, which was confirmed in our research and other studies [51, [55] [56] [57] . The conflicting results reported by Andersen et al. [49] and Bryant et al. [50] were mainly due to the resection of much more myocardium. Furthermore, Porrello et al. [18] and Haubner et al. [58] showed that the hearts of neonatal mice could also regenerate after MI. Nevertheless, Konfino et al. [51] claimed that neonatal MI leads to an incomplete regeneration with a small, thin scar at the injured area. The difficulties in standardizing the operation of MI in neonatal mice may account for the discrepancy in the reported regenerative potential [51] . On the contrary, Darehzereshki et al. [52] and Polizzotti et al. [53] discovered that the hearts could not regenerate after cryoinjury in neonatal mice. We speculate that the differences in the extent of injury and the microenvironment at the injury site between cryoinjury and AR might have led to these different types of myocardial repair responses. Thus, the modes and extent of cardiac injury may dictate the course of regenerative and repair responses. As to our experiments, we strictly followed the original protocol for all of the neonatal AR procedures [8] .
In summary, our results provide evidence that acute cardiac inflammation is required and sufficient for stimulating cardiomyocyte proliferation in neonatal mice. In particular, IL-6-STAT3 signaling is responsible for reactive cardiomyocyte proliferation after cardiac injury 
Materials and Methods
Mice Neonatal 1-day-old mice of both sexes were used in our study. The ICR/CD-1 and C57BL/6J WT mice were acquired from Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China) The IL-6 −/− (B6.129S2-Il6tm1Kopf/J) [59] , STAT3 fl/ fl (B6.129S1-Stat3tm1Xyfu/J) [60] and αMHC-MerCreMer mice (B6.FVB(129)-Tg(Myh6-cre/Esr1*)1Jmk/J) [61] were acquired from the Jackson Laboratory, Bar Harbor, ME. Tamoxifen (Sigma) was administered to the αMHC-MerCreMer; STAT3 fl/fl mice (STAT3 −/− mice) and STAT3 fl/fl ; STAT3 fl/fl mice (STAT3 +/+ mice) at birth (postnatal day 0), according to a protocol published previously [62] . On the next day of tamoxifen injection, the neonatal mice underwent AR. All of the animal procedures were approved by the Care of Experimental Animals Committee of the Chinese Academy of Medical Sciences and Peking Union Medical College, China.
Apical resection
AR was performed on neonatal 1-day-old mice (ICR/CD-1 strain, Vital River Laboratory Animal Technology Co., Ltd., China) as previously described [8, 57] . Briefly, neonatal 1-day-old mice were anesthetized by hypothermia on an ice bed for 4 min. Left parasternal thoracotomy at the fourth intercostal space was performed by blunt dissection following skin incision. The cardiac apex was resected using a pair of iridectomy scissors. AR was successfully achieved while the left ventricle chamber was exposed. Then, the resected mice were immediately removed from the ice beds, and the thoracic wall and skin incisions were sutured with 8-0 non-absorbable silk suture. The neonatal mice were warmed for several minutes under a heat lamp until recovery. The same procedures were performed without AR in the sham-operated groups.
Dexamethasone treatment
Dexamethasone (Dex, 0.05 mg/kg, Sigma) was administered daily from the day of AR in the 1-day-old neonates to 7 dpr by i.p. injection. The control mice were treated with PBS (same volume as that of Dex). To examine whether the Dex treatment significantly inhibited heart regeneration, we weighed the ventricles of the PBS-and Dex-treated hearts at 21 dpr, as described previously [8] .
Anti-Gr-1 antibody treatment
We used anti-Gr-1(RB6-8C5) antibody (Bio X Cell) treatment to deplete inflammatory cells (neutrophils and some subsets of monocytes/macrophages) [35, 63] . Anti-Gr-1(RB6-8C5) antibody (20 µg/g) was administered i.p. immediately at birth (postnatal day 0) and 12 h after (postnatal day 0.5). On the following day (postnatal day 1), the neonatal mice underwent AR and received anti-Gr-1(RB6-8C5) antibody treatment after recovery and again 12 h later. Then, anti-Gr-1(RB6-8C5) antibody was administered daily until the heart samples were harvested. The control mice were treated with the IgG isotype antibody.
Anti-IL-6 antibody treatment
Anti-IL-6 antibody (30 µg/g) was administered i.p. to block IL-6 activity immediately at birth (postnatal day 0). Twelve hours later (postnatal day 0.5), the neonatal mice underwent AR and received anti-IL-6 antibody treatment after recovery and again 12 h later. Then, anti-IL-6 antibody was administered daily until heart samples were harvested. The control mice were treated with IgG isotype control antibody.
Apical intramyocardial microinjection
Neonates (ICR/CD-1 strain, Vital River Laboratory Animal Technology Co., Ltd., China) were anesthetized by cooling on an ice bed for 4 min, as described previously [8] . Lateral thoracotomy via the fourth left-intercostal space was performed by blunt dissection of the intercostal muscles following skin incision. The chest was opened, and 5 µg of ZA (S. cerevisiae) BioParticles, Alexa Fluor 488 Conjugate (Invitrogen), or ZA (S. cerevisiae) BioParticles, unlabeled (Invitrogen), in 0.5 µl of sterile PBS solution was micro-injected intramyocardially into the apical myocardium through a 36-gauge needle (World Precision Instruments Inc., Sarasota, FL, USA). Successful microinjection was indicated by the presence of Alexa Fluor® 488 at the site of microinjection. Control neonatal 1-day-old mice were micro-injected with 0.5 µl of a sterile PBS solution. Recombinant murine IL-6 (IL-6, Peprotech, 10 ng in 0.5 µl sterile PBS) was micro-injected according to the protocol described above. The control mice were micro-injected with 0.5 µl of a sterile PBS solution.
Neonatal rat cardiomyocyte isolation and culture
Neonatal 1-day-old rat cardiomyocytes were prepared as previously described [64] , with minor modifications. Briefly, neonatal rat cardiomyocytes were isolated by enzymatic disassociation of 1-day-old neonatal hearts. Cardiomyocytes were plated separately for 2 h to remove fibroblasts. The cells were resuspended in Dulbecco's modified Eagle's medium containing 4.5 g/l glucose (DMEM, Life Technologies) and supplemented with 5% FBS, 20 µg/ml vitamin B12, 100U/ml of penicillin and 100 µg/ml of streptomycin. After 24 h of plating, the cells were incubated in serum-free medium overnight. For the western blot analysis, the cardiomyocytes were treated with 20 ng/ml IL-6 (Peprotech, Rocky Hill, NJ) or DMSO (Sigma) as a control for 15 min. The cardiomyocytes were pretreated with 100 µM S3I-201 (STAT3 inhibitor) for 2 h and treated with IL-6 and S3I-201 (Merck Millipore) for 15 min. For the immunofluorescence assay, the cardiomyocytes were treated with 20 ng/ml IL-6 (Peprotech, Rocky Hill, NJ) or DMSO as a control for 24 h. The cardiomyocytes were pretreated with 100 µM S3I-201 for 2 h and treated with IL-6 and S3I-201 for 24 h. 35 µl of Brdu (20 mg/ml) (Sigma) in PBS was administered subcutaneously to the neonatal mice at 1, 7 and 14 dpr or dpm. At 21 dpr or dpm, the hearts were harvested, and Brdu staining was performed as described previously [8] . One-third of the ventricular myocardium containing the resection plane was dissected to enrich for transcripts. RNA was extracted from the myocardium using Trizol reagent (Invitrogen). cDNA was synthesized from 1 µg of RNA using Oligo dT and MMLV reverse transcriptase (Invitrogen). Quantitative reverse transcriptase-PCR was performed with the SYBR Green detection system. All of the PCR experiments were performed with the Applied Biosystems 7300 Real Time PCR System. The transcript quantities were compared using the ∆CT method. GAPDH was used as a housekeeping control gene. All of the primers for the SYBR green reactions are listed below [8] .
In vivo Brdu pulse-chase labeling experiments
Quantitative reverse transcriptase-polymerase chain reaction
il6 forward: 5′-TGATGCACTTGCAGAAAACA-3′ il6 reverse: 5′-ACCAGAGGAAATTTTCAATAGGC-3′ il1b forward: 5′-TCCAGGATGAGGACATGAGCAC-3′ il1b reverse: 5′-GAACGTCACACACCAGCAGGTTA-3′ ccl3 forward: 5′-CATGACACTCTGCAACCAAGTCTTC-3′ ccl3 reverse: 5′-GAGCAAAGGCTGCTGGTTTCA-3′ STAT3 forward: 5′-TGCACCTGATCACCTTCGAGAC-3′ STAT3 reverse: 5′-CCCAAGCATTTGGCATCTGAC-3′ gapdh forward: 5′-AAATGGTGAAGGTCGGTGTGAAC-3′ gapdh reverse: 5′-CAACAATCTCCACTTTGCCACTG-3′
Histology
The harvested hearts were fixed in 4% paraformaldehyde (PFA) at room temperature for 24 h and then were dehydrated in an ethanol and xylene series followed by paraffin embedding. The sectioned tissues (3 µm thick) were cut through the entire ventricle, deparaffinized in xylene and rehydrated in ethanol. Hematoxylin and eosin and Masson's trichrome staining were performed according to standard procedures.
Immunohistochemistry
The hearts were fixed overnight with 4% PFA and embedded in paraffin. Ly-6G (1A8) (BD Pharmingen), phospho-STAT3 (Tyr705) (Cell Signaling Technology) or endomucin (R&D systems) immunostaining was conducted on 3-µm tissue sections using the Streptavidin-Peroxidase Kit (Zhongshan jinqiao, Beijing, China), followed by staining with hematoxylin. The slides were dehydrated in ethanol twice for 3 min each and were subsequently mounted for light microscopy.
Immunofluorescence
For immunofluorescence staining, the paraffin-embedded sections were deparaffinized in xylene and rehydrated through graded ethanol. Heat-mediated antigen retrieval with an EDTA solution was performed to expose the antigen epitopes. The sections were permeabilized with 0.3% Triton X-100 in PBS, blocked with 10% goat serum (Invitrogen) and incubated with primary antibody overnight at 4 °C. On the following day, the slides were washed three times in PBS and were then incubated with the secondary antibody for 45 min at 37 °C. The slides were again washed three times in PBS in a dark room, stained with DAPI (Sigma) for 15 min to label the nuclei and mounted in Vectashield (Vector Labs, CA, USA). The primary antibodies included anti-cTnT (mouse monoclonal, Abcam), anti-pH3 (rabbit monoclonal, Abcam), anti-Ki67 (rabbit monoclonal, Abcam), anti-Brdu (mouse monoclonal, Cell Signaling Technology), anti-α-actinin (mouse monoclonal, Sigma), anti-α-actinin (rabbit monoclonal, Cell Signaling Technology) and anti-PECAM antibody (rabbit polyclonal, Abcam). The sec-ondary antibodies were conjugated to Alexa Fluor 488 (donkey anti-mouse, Invitrogen), Alexa Fluor 555 (donkey anti-rabbit, Invitrogen), and Alexa Fluor 633 (donkey anti-mouse, Invitrogen). Fluorescence was observed under a Leica SP8 confocal laser scanning microscope.
Immunofluorescence staining was also performed on cultured neonatal rat cardiomyocytes. For cardiomyocyte staining, the cells were fixed with 4% PFA and then permeabilized with 0.3% Triton/ PBS. The cells were blocked in 1% bovine serum albumin (BSA) and then incubated with the indicated antibodies. Imaging was performed under a Leica SP8 confocal laser scanning microscope.
For wheat germ agglutinin (WGA) staining, the slides were deparaffinized and rinsed three times in PBS and then were incubated for 1 h at room temperature with a primary antibody against WGA conjugated to FITC (Sigma). The slides were then rinsed three times in PBS, mounted in Vectashield (Vector Labs, CA, USA) and imaged using a Leica SP8 confocal laser scanning microscope, as described above.
Western blotting
Western blotting assays were performed as previously described [65] , with limited modifications. The hearts were homogenized and incubated in RIPA lysis buffer with 1mM PMSF (phenylmethylsulfonyl fluoride, Beyotime Institute of Biotechnology, Beijing, China). After homogenizing the hearts, 30 µg of total protein was loaded onto SDS-PAGE and subsequently blotted onto a nitrocellulose membrane. The membranes were incubated overnight at 4 °C with primary antibodies against phospho-STAT3 (Tyr705), STAT3 (D3Z2G), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), p44/42 MAPK (Erk1/2) (137F5), phospho-Akt (Ser473), and Akt and then were washed three times with TBST buffer before adding the secondary antibody. All of the antibodies were acquired from Cell Signaling Technology. The bands were visualized using the enhanced chemiluminescence (ECL) kit (GE Healthcare).
RT-PCR array screening of inflammatory cytokines
To assess the gene expression profiles of major inflammatory cytokines in the injured hearts of neonatal mice, we performed RT 2 profiler PCR arrays (SA Biosciences, Frederick, MD, USA) to identify the potential cytokines that played important roles during the early stages of heart regeneration in neonatal mice. In brief, 1 µg of RNA was reverse transcribed with the RT 2 first strand kit (Qiagen), followed by qPCR with RT 2 SYBR Green ROX qPCR Mastermix (Qiagen). The 96-well plates were processed in the Applied Biosystems 7300 Real Time PCR System. The data were analyzed by using the web-based RT 2 profiler PCR array data analysis tool from SABiosciences.
Statistical analysis
All data are presented as mean ± SEM. Student's unpaired t-test was used for comparisons between two groups. A value of P < 0.05 was considered statistically significant.
